Models of geomagnetic reversals as a stochastic or gamma renewal process have generally been tested for the Heirtzler et al. [1] magnetic polarity time scale which has subsequently been superseded. Examination of newer time scales shows that the mean reversal frequency is dominated in the Cenozoic and Late Cretaceous by a linearly increasing trend on which a rhythmic fluctuation is superposed. Subdivision into two periods of stationary behavior is no longer warranted. The distribution of polarity intervals is visibly not Poissonian but lacks short intervals. The LaBrecque et al.
Introduction
The stability of physical processes in the earth's fluid outer core is expressed in the spectrum of geomagnetic field behavior. The long-term stability, in particular, can be inferred from the past history of magnetic polarity reversals. The longest, continuous record of polarity history comes from the interpretation of marine magnetic anomalies. Of particular interest is the episode of reversal behaviour which began at the end of the Cretaceous quiet interval in the earliest Campanian and which persists until the present. Analysis of this reversal sequence has led to several suggested mag-netic polarity time scales for the Late Cretaceous and Cenozoic.
The first polarity time scale for this entire interval was deduced by Heirtzler et al. [1] . After comparing marine magnetic profiles in different ocean basins they concluded that sea-floor spreading was most likely to have remained constant in the South Atlantic, and selected profile Vema-20 as the basis of their magnetic polarity time scale. This time scale has undergone several modifications as more restrictive data became available. LaBrecque et al. [2] made various adjustments to the reversal sequence to bring their occurrence and the lengths of polarity zones in line with current knowledge. Ness et al. [3] summarized various other evolutionary modifications to the polarity time scale and recomputed anomaly ages. Recently, the results of magnetostratigraphic investi-gations in Italian limestone sections have been incorporated in a further revision of the magnetic polarity time scale for the Late Cretaceous and Cenozoic [4] .
As a result of the discovery of additional wellcorrelated anomalies, the deletion of suspect ones such as anomaly 14, and improved dating of the Late Cretaceous and Cenozoic anomaly sequence the Heirtzler et al. [1] time scale has been superseded by newer versions which are truer representations of geomagnetic polarity history. These successive revisions have involved substantial changes. It is, therefore, opportune to re-examine some of the statistical properties of geomagnetic reversal behavior that were deduced from the Heirtzler et al. [1] time scale.
Statistical analysis of the magnetic polarity time scale
A major feature of the Heirtzler et al. [1] reversal time scale which has been recognized in all previous analyses [5] [6] [7] is an abrupt, threefold increase in the average frequency of reversals at about 45 Myr B.P. (Fig. la) ; the mean length of polarity intervals decreases from 0.90 to 0.33 m.y. [7] . Cox [8] suggested that this discontinuity divides the time scale into two intervals of apparently stationary behavior of the geomagnetic dynamo, each characterized by different statistical properties. Analyses of reversal frequency and of the lengths of polarity intervals usually have treated the intervals before and after this discontinuity separately [5, 6] .
For statistical analysis of a time series to be valid the series must be stationary. A necessary condition for this is that there must be no significant time-dependent trend in the data. Naidu [6] found that the polarity interval distribution was stationary in the 0-48 Myr and 56-72 Myr parts of the Heirtzler et al. [1] time scale. The stationary character of the reversal frequency in the age range 0-48 Myr is also illustrated in Fig. 1 a. The points in this figure represent moving averages over an 8-Myr window. Every eighth point is independent and can be used in linear regression analysis. The slope of the regression line can be tested with a t-statistic under the assumption that the deviations from linearity approximate to a Gaussian distribution, and is found to be not significantly different from zero at the 95% confidence level.
Since 1968 the appearance of the magnetic time scale has been altered in a number of significant ways. A major difference results when anomaly 14 is omitted. This anomaly in the Heirtzler et al. [1] sequence is not found on most marine magnetic profiles and was dropped from later time scales. Anomaly 14 represents four very short normal polarity zones and introduces eight additional reversal boundaries, spuriously increasing average reversal frequency in the 35-45 Myr age interval. Without this anomaly the 45-Myr "discontinuity" is partially reduced and the linear regression for 0-48 Myr is more poorly correlated, although the slope of the linear trend for this part of the time scale is still not significantly different from zero at the 95% confidence level (Fig. lb) .
The 65-Myr age of the Cretaceous/Tertiary boundary places it just older than anomaly 26 in the Heirtzler et al. [1] time scale. In Italian magnetostratigraphic studies this boundary was located between anomalies 29 and 30 [9, 10] . Polarity interval lengths in the Late Cretaceous were revised using North Pacific marine magnetic profiles [11] and the definition of the reversal sequence between anomalies 5 and 6 was improved as a result of the acquisition of more and better marine magnetic data. LaBrecque et al. [2] incorporated these improvements in a revised polarity time scale. Subsequently, magnetostratigraphic research has located most of the Paleogene stage boundaries in the reversal sequence [12] . These correlations have been used in a recent revision of the polarity time scale [4] , which gives improved agreement between magnetic anomaly ages and DSDP basal sediment ages. However, the major differences from the Heirtzler et al. [1] time scale were to the largest part achieved in the LaBrecque et al. [2] revision and the later improvement in calibration does not greatly alter statistical properties of the time scales.
When these time scales are re-examined after making the mentioned changes, two principal features can be distinguished. The average reversal frequency appears to be characterized by a fluctuation about an almost linearly increasing trend for the past 80 Myr. The slope of this trend for the Cenozoic and Late Cretaceous anomaly sequence is significantly different from zero for all the magnetic polarity time scales studied in their entirety ( Fig. 1 ). In the revised time scales of LaBrecque et al. [1] and Lowrie and Alvarez [4] [2] , is shown in Fig. 2 . Analysis of the independent eighth values again gives a trend that is significant at the 95% level of confidence. Corresponding statistical examination of the Lowrie and Alvarez [4] time scale shows that it also is non-stationary.
Statistical models of geomagnetic reversals
The occurrence of polarity reversals has been described by different statistical models. Cox [13] assumed a stochastic model in which the probability of a reversal per unit time is constant, implying that the core has no long-term memory for earlier reversals. He found that the distribution of polarity interval lengths could be represented by a binomial distribution, which, for the case that the probability of an individual reversal is low, becomes a Poissonian distribution. Cox [5] compared the observed distributions of polarity interval lengths against a Poissonian distribution. They agreed well for the past 10.6 Myr but for 10.6-45 Myr B.P. the observed number of short polarity intervals was fewer than predicted by a Poissonian distribution and this discrepancy was very large for times older than 45 Myr.
Naidu [6] showed that the lengths of polarity intervals are better described by a gamma distribution, in which the probability p(dT) of an interval of duration dT is given by:
Here, m is the mean polarity interval length and k is the gamma index.
Naidu [6] gives a simple method for determining the value of k for a stationary gamma distribution. He showed that:
where qs(k) is the digamma function. The righthand side of the equation is determined from the observations; the left-hand side can be graphed, and in this way the value of k can be determined. A Poissonian distribution is described by k = 1; larger k-values refer to distributions in which the number of short intervals is fewer than in the Poissonian distribution. A gamma renewal process implies that the probability per unit time of a reversal occurring is not constant, and that the occurrence of each reversal is not independent of earlier ones.
Naidu [6] showed that polarity chrons in the 0-48 Myr B.P. part of the Heirtzler et al. [1] time scale are fitted best by a gamma distribution with k = 2; polarity chrons older than 56 Myr were fitted best by a gamma distribution having k = 3.6. His analysis showed a singularity at 48-56 Myr, which is also evident in Fig. 2 . Phillips [7] devised a new technique for statistical analysis of the reversal sequence; this used a moving window of variable time-width in which polarity intervals were weighted with coefficients derived from a Gaussian "bell-type" distribution. He found no major difference in k at the 45-Myr discontinuity but the average value of k was 1.72 for the entire Heirtzler et al. [1] time scale. Phillips [7] also found that the statistics of normal polarity intervals differed significantly from those of reversed polarity intervals; the gamma index for the normal distribution was k = 2.28 and that for the reversed distribution was k = 1.19.
The LaBrecque et al. [2] and Lowrie and A1-varez [4] polarity time scales contain no events shorter than 40 kyr. The distributions of polarity interval lengths for both normal and reversed states in these time scales are visibly deficient in short intervals (Fig. 3) . The mean length of a polarity chron was found to be non-stationary over the time interval 0-40 Myr in both time scales. Statistical properties have only limited meaning, but for qualitative comparison the mean durations and the corresponding gamma indices are listed in Table 1 . In both time scales the mean length of normal chrons is less than that of reversed chrons, and the gamma index for normal chrons is larger than that for reversed chrons. For each distribution the overall gamma index is closer to 2 than to 1. .!~ ..,, 1 2 1 2 Duration of Interval (my) Fig. 3 . The distributions of normal and reversed polarity interval lengths in the magnetic polarity time scales of (a) LaBrecque et al. [2] and (b) Lowrie and Alvarez [4] . Each distribution is lacking in short polarity intervals compared to a Poisson distribution (solid curve). Age interval: 0-80 Myr B.P.
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Short duration polarity intervals
It appears that, except for the last 10 Myr or so, the lengths of magnetic polarity intervals fit a gamma distribution better than a Poissonian distribution. The gamma model implies that short polarity intervals never occurred.
An alternative explanation is that the short polarity intervals did indeed occur but that they can not readily be resolved in ocean-surface magnetometer surveys. Continental magnetostratigraphic investigations of the oceanic reversal sequence do not clarify this point, because the resolution of such studies (30-100 kyr) is not better than that of an oceanic magnetic survey.
Blakely and Cox [14] enhanced the coherency of six marine magnetic profiles from the North Pacific ocean by using a stacking procedure, and detected six new short-wavelength anomalies between the Early Tertiary anomalies 21 and 29. Blakely [15] applied the same technique to fourteen marine magnetic profiles from the northeast Pacific and identified eight new short-wavelength anomalies. These small coherent anomalies have been interpreted as related to hitherto undetected, short polarity chrons.
An alternative interpretation of the coherent, short wavelength anomalies is that they represent geomagnetic intensity fluctuations [16] . The ambiguous nature of very short wavelength magnetic anomalies prompted LaBrecque et al. [2] to omit most of them from their tabulated list of polarity interval ages. However, the times of occurrence of the possible short events were indicated in a chart of the polarity time scale [2, fig. 1 ]. The mid-point ages of the events can be estimated between polarity chron boundaries, assuming linearity of spreading between these limits. We have investigated the consequences of including them as short polarity chrons in the LaBrecque et al. [2] polarity time scale.
The effect of adding short events to the magnetic polarity time scale
An accurate estimate of the mid-point ages is important because each new event subdivides the polarity interval in which it occurs, which has an important effect on the histogram of polarity interval lengths [5] . The exact duration of each event can not be determined as it is too close to the limit of resolution of the oceanic record. Most likely they are not longer than about 40 kyr and so we have investigated the effects of assigning the events equal durations of 20, 30 or 40 kyr.
Regardless of which of these durations is chosen, the short events have a dramatic effect on the polarity interval distribution for the 0-40 Myr age interval. The number of polarity intervals increases from 126 to 226 and the mean length of a polarity interval is reduced from 0.314 to 0.175 Myr. The slope of the linear regression of polarity interval length against age no longer differs significantly from zero at the 95% confidence level (Fig. 4) ; the polarity interval distribution is now stationary and can be analysed further statistically. The choice of duration for the short chrons does, however, influence the ability of a Poissontan distribution to fit the polarity interval length distribution (Fig. 5) . When the short chr.ons are allotted equal lengths of 20 kyr, the observed distribution is found by a chi-square test to differ significantly from the Poissonian distribution. However, if the short chrons are given equal lengths of 30 kyr, the discrepancy is no longer significant at the 9570 confidence level.
The effect of additional short chrons is seen dramatically in the distributions of normal and reversed polarity interval lengths. The mean durations are reduced to 0.166 Myr and 0.184 Myr, respectively. The gamma index, k, is now visibly different for the distributions of normal and reversed intervals (Fig. 6) .
The choice of length for the short events also affects the values of k obtained for the normal and reversed distributions, although in each case k for normal polarities is smaller than k for negative polarities. If the events are assigned the very short duration of 20 kyr, the value of k for normal polarity intervals is less than 1. This case must be excluded as it would predict an infinite population. By implication the interpretion of all shortwavelength magnetic anomalies as polarity chrons is not justified, or the duration assigned to them is incorrect. When the short chrons are assigned equal durations of 30 kyr, the values obtained for the gamma indices are 1.14 and 2.01 for the normal and reversed distributions, respectively. With equal durations of 40 kyr gamma indices of •.32 and 2.12 are obtained.
We note that adding the maximum possible number of short events to the LaBrecque et al. [2] polarity time scale gives a mean duration for normal polarity chrons less than that for negative polarity chrons, as was also observed in analyses of the superseded Heirtzler et al. [1] time scale [6, 7] . However, the gamma index for normal polarity chrons is now smaller than that for negative polarity chrons. The added short events have altered the sense of the asymmetry between the normal and reversed states.
Discussion
A question of major importance for statistically modelling magnetic field polarity reversals is the 311 origin of the short-wavelength magnetic anomalies that have been observed as "tiny wiggles" on high-resolution marine magnetic profiles. Comparatively few of them have been investigated thoroughly, thus it is not known how many of the 57 possible small events indicated in the LaBrecque et al. [2] time scale are coherent. There is ambiguity as to the interpretation of coherent short-wavelength anomalies as polarity chrons [14, 15] or as magnetic field intensity fluctuations [ 16] .
If all postulated short polarity chrons are real, they have a strong influence on the statistical properties of the magnetic polarity time scale. They result in stationarity in the age range 0-40 Myr of the LaBrecque et al. [2] magnetic polarity time scale, where this was previously absent. The distribution of all polarity intervals ( Fig. 5 ) in this age range becomes Poissonian and the normal and reversed polarity interval distributions acquire a strong asymmetry in the opposite sense to the distributions without short polarity chrons. This is due to the unequal distribution of the 57 short polarity chrons over the Cenozoic part of the LaBrecque et al. [2] time scale. They are overwhelmingly of positive polarity and are most abundant after the end of the Eocene, 50 of them being younger than 40 Myr.
This unequal distribution also requires explanation. Possibly the predominance of young events arises from a bias of marine magnetic data to regions on or near spreading ridge systems. Shortwavelength anomalies also may be more difficult to resolve over older ocean floor, due for example to the greater anomaly source depth.
The interpretation of coherent short-wavelength anomalies as magnetic field phenomena has also been questioned. Schouten and Denham [17] developed a sophisticated model for generation of new oceanic crust at a spreading center which allows representation of high spatial complexity of the magnetized layer yet reproduces the observed magnetic reversal sequence. They draw attention to the possibility that short-wavelength magnetic anomalies may result from variability in the magnetized layer in high-spreading-rate ridge systems. The prevalence of short events within negative polarity chrons may have a rock magnetic origin, such as induced or viscous magnetization.
It is evident that the origin of these short features is questionable on several grounds. They may represent polarity chrons, intensity fluctuations or source-layer variations. Until the ambiguity is resolved their interpretation as part of the geomagnetic polarity record must be treated with caution and reserve.
The reversal records which we accept as best representative of geomagnetic field behavior are the LaBrecque et al. [2] and Lowrie and Alvarez [4] time scales. The second is tied in better than the first to the biostatigraphic record. The statistical properties of these two polarity time scales are very similar but differ substantially from the Heirtzler et al. [1] time scale. A major difference is the lack of stationarity in the newer time scales in the interval since anomaly 18 (which was dated as about 48 Myr in Heirtzler et al. [1 ] and closer to 40 Myr in the newer time scales). Although strictly the statistical analysis is only of qualitative value, the 0-40 Myr polarity intervals conform closely to a gamma distribution with index close to 2. This would imply, if true, that the probability of a reversal per unit time is not constant as assumed in the stochastic model of Cox [5, 13] .
Another difference is that the discontinuity separating two stationary domains in the Heirtzler' et al. [1] time scale is much less apparent in later time scales; it arises primarily from inclusion of the non-existent anomaly 14. The change in reversal frequency with time ( Fig. 1) is best represented as a linear trend on which is superposed a rhythmic fluctuation with an apparent periodicity of around 20 Myr. These features may represent secular changes in core conditions during the past 80 Myr and indicate that core processes may have a longterm memory for polarity reversals.
Conclusions
As earlier investigators have concluded, the statistical properties of geomagnetic polarity reversals are strongly influenced by the existence of short events. The source of short-wavelength marine magnetic anomalies is controversial; they could represent geomagnetic intensity changes, short polarity events or source-layer inhomogeneity. The dilemma can only be solved by detailed marine magnetic profiling with deep-tow techniques.
The distribution of "tiny wiggles" which can be interpreted as short events is very uneven, and most of them are of positive polarity. If the postulated events are real, the asymmetry implies that the geomagnetic field is more stable in one polarity state than the other. This may reflect different mechanisms for the normal-reversed and reversed-normal transitions.
If the "tiny wiggles" do not represent short polarity events, the distribution of polarity intervals is not Poissonian. This implies that the probability of a reversal per time is not constant, but that core processes have a long-term memory for polarity reversals. The geomagnetic field is then not characterized by lengthy periods of stationary behavior. Instead, the average reversal frequency shows a rhythmic fluctuation superposed on a linear trend. These indicate secular changes in the core conditions governing reversal processes.
